PINK1 and Parkin have been implicated in mitochondrial quality control, mitochondrial fusion/fission dynamics and axonal mitochondrial mobility in neurons [1, 2] . The PINK1-Parkin pathway is very dynamic and the biological responses mediated by the PINK1-Parkin pathway differ spatially and kinetically in different cell types [2] . Therefore, tools to dynamically probe the function of the PINK1-Parkin pathway are highly desirable. Here we report a chemical genetic approach to probe the function of PINK1 in mitophagy and mitochondrial mobility. Our results validate the roles of PINK1 in recruitment of Parkin to mitochondria, mitochondrial mobility in neurons, and mitochondrial fusion/fission dynamics. In addition, we reveal that PINK1 is required for triggering Parkin translocation to mitochondria, but is dispensable for sustaining Parkin accumulation and consequent mitophagy.
Chemical genetic approaches have recently emerged as general tools for perturbing biological processes as small-molecule perturbants often act quickly and reversibly to inhibit or activate a pathway. Shokat and colleagues [3] have demonstrated that a subset of protein kinases can be engineered to be susceptible to inhibition by protein phosphatase 1 (PP1) analogs, whereas few, if any, endogenous protein kinases are susceptible. The typical approach to creating such an "analog-sensitive" allele involves mutating the bulky gatekeeper amino acid residue to glycine or alanine. However, not all kinases can tolerate such a change [3] . By sequence alignment (Supplementary information, Figure S1A ), we identified M318 to be the candidate gatekeeper residue for human PINK1. Initially we made a PINK1 M318G mutant, which unfortunately was unstable in mammalian cells (data not shown). An alternative M318A mutant (PINK1 AS ) was constructed and introduced into PINK1-knockout mouse embryonic fibroblast (MEF) cells that stably express the Venus-Parkin fusion protein. A control wild-type PINK1 (PINK1 WT ) was used to reconstitute PINK1-null MEF cells in parallel. Loss of mitochondrial membrane potential by decouplers, such as carbonyl cyanide m-chlorophenyl hydrazone (CCCP) or valinomycin, is known to prevent PINK1 mitochondrial import and degradation by ParL, resulting in PINK1 accumulation at the outer mitochondrial membrane [1] . Elevated levels of PINK1 promote the translocation of Parkin from the cytosol to the mitochondrion, where Parkin causes ubiquitination and degradation of several proteins localized at the outer mitochondrial membrane to induce mitophagy [1, 2] . As shown in Figure 1A , both PINK1
WT and PINK1 AS were effective in inducing Parkin translocation to mitochondria upon treatment with valinomycin. The PP1 analog 1-NA-PP1 inhibited Parkin translocation in cells expressing PINK1
AS , but not in cells expressing PINK1
WT , demonstrating the specificity of the inhibition ( Figure 1A and 1B). PINK1 is known to phosphorylate Parkin in response to mitochondrial depolarization, which leads to a mobility shift of Parkin protein band in immunoblotting assays [4] [5] [6] (Figure 1C ). In the presence of 1-NA-PP1, the slower migrating Parkin band is completely absent ( Figure 1C ), suggesting that PINK1 kinase activity is required for Parkin modification. The increase in the expression level of PINK1 upon valinomycin treatment was unaffected by 1-NA-PP1, suggesting that the kinase activity of PINK1 is not required for its increased abundance or its mitochondrial import upon mitochondrial depolarization.
CCCP or valinomycin induced Venus-Parkin translocation to mitochondria within 1 h with similar kinetics (Supplementary information, Figure S1B ). We examined the ability of various PP1 analogs to block PINK1-dependent Parkin translocation in MEF cells expressing PINK1 AS or PINK1 WT ( Figure 1D and Supplementary information, Figure S1C concentrations up to 40 µM. These results demonstrate the high specificity of PINK1 AS and selectivity of PP1 analogs 1-NA-PP1 and 3-MB-PP1 as orthogonal inhibitors of PINK1 activity.
To further validate the specificity of PINK1 AS , we mutated M318 of PINK1 to a bulkier residue Phenylalanine (F) ( Figure 1A ). PINK1 WT , PINK1
AS , and PINK1 M318F all supported CCCP-induced Venus-Parkin translocation, indicating that they all exhibit functional kinase activity (Supplementary information, Figure S1D-S1F) . Figure S1G -S1H. 3-MB-PP1 inhibited the activity of PINK1
AS , but not that of PINK1
WT or PINK1
M318F
. These results further confirm that these PP1 analogs exclusively inhibit PINK1
AS activity.
We next attempted to demonstrate the direct inhibition of PINK1
AS by PP1 analogs using in vitro kinase assays, but failed to detect robust kinase activity of recombinant human PINK1. Since an insect orthologue of PINK1 from Tribolium castaneum (beetle; TcPINK1) was shown to be catalytically active [4] , we substituted TcPINK1 M294 which is equivalent to M318 of human PINK1 with Alanine. Recombinant myelin basic protein (MBP)-tagged wild-type TcPINK1 and the mutant MBP-TcPINK1
M294A were purified and tested for their kinase activity in the presence or absence of 3-MB-PP1 or 1-NA-PP1. Both MBP-TcPINK1 and MBP-TcPINK-1 M294A can phosphorylate recombinant Parkin1-108 in vitro.
No inhibition of MBP-TcPINK1
WT was observed by either 1-NA-PP1 or 3-MB-PP1 in the dose range tested (Supplementary information, Figure S1I ). In contrast, both 1-NA-PP1 and 3-MB-PP1 inhibited MBP-TcPINK-1 M294A activity, albeit with IC 50 values higher than those measured with human PINK1 AS in cell culture models. The reason for this discrepancy is likely due to sequence differences in the ATP-binding pocket between human and beetle PINK1, where these inhibitors bind. Nevertheless, the fact that PP1 analogs did not inhibit TcPINK1
WT but inhibited the TcPINK1
M294A mutant further substantiates that this methionine residue is the gatekeeper residue for PINK1.
As we expressed human PINK1 in PINK1-null MEF cells, it is difficult to compare the expression level of hPINK1 to the level of endogenous mouse PINK1 because the PINK1 antibody (Novus) has different reactivity to human and mouse PINK1. Nevertheless, the response of MEF cells reconstituted with human PINK1 to CCCP treatment is comparable to that of HeLa cells (Supplementary information, Figure S1G and S1H), suggesting that the activity of human PINK1 in mediating Parkin translocation in MEF cells is similar to that in HeLa cells. Hence, the MEF system can capture the essential features of the PINK1-Parkin pathway.
A key advantage of employing a pharmacological tool to perturb gene function versus the traditional knockout or knockdown approach lies in its spatiotemporal resolution and separation of short-term versus long-term effects. Overexpression of PINK1 has been shown to activate the PINK1-Parkin pathway and decrease the mobility of axonal mitochondria in neurons [7] . To verify the applicability of the PINK1 AS in mitochondrial mobility studies, we expressed PINK1
WT and PINK1 AS in primary mouse neurons. We examined the mobility of axonal mitochondria in mouse hippocampal neurons stained with mitoTracker to monitor mitochondrial movement in the presence or absence of 3-MB-PP1, which has previously been demonstrated to be suitable for studying analog-sensitive kinases in primary neurons [8] . While expression of both PINK1 WT and PINK1
AS indeed restricted the mitochondrial movement, treatment with 3-MB-PP1 for 18 h rescued the mobility in neurons expressing PINK1 AS , but not in neurons expressing PINK1 WT ( Figure 1E and 1F ). These results demonstrate that this tool is valuable for studying PINK1-dependent mitochondrial mobility events and allows relatively rapid inactivation of PINK1 kinase activity in primary neurons, which otherwise would not be feasible with knockdown or knockout approach.
The availability of PINK1 AS enabled us to test the requirement of PINK1 in initiation and maintenance of mitophagy in a spatiotemporal manner. Treatment with CCCP or valinomycin causes global mitochondrial damage in cells. Damage of an individual mitochondrion by 488 nm laser has been shown to trigger mitophagic responses locally [9] . To test whether PINK1 kinase activity is required for initiation of mitophagy upon laser irradiation, selected mitochondria in MEF cells expressing PINK1
AS and Venus-Parkin were exposed to 488 nm or 405 nm laser illumination. This treatment caused rapid depolarization, as measured by TMRE dye that loses fluorescence upon mitochondrial depolarization. Indeed, local laser exposure rapidly induced Parkin accumulation on irradiated mitochondria ( Figure 1G ). Extra Parkin foci appearing outside irradiated areas occasionally are either due to a bystander effect described previously [9] or to mitochondria that were photodamaged beneath the imaging plane and then reappeared in the focal plane. Incubation of cells with 1-NA-PP1 prior to laser exposure abrogated local Parkin accumulation. Upon washout of 1-NA-PP1, Parkin accumulated on damaged mitochondria ( Figure 1G ). These results suggest that PINK1 is required for initiating Parkin translocation to damaged npg www.cell-research.com | Cell Research mitochondria. To test whether PINK1 is also required for sustaining Parkin accumulation on damaged mitochondria, we added 1-NA-PP1 20 min after laser exposure when Parkin translocation had already occurred ( Figure  1H , middle panel). Parkin accumulation on mitochondria was sustained even in the presence of 1-NA-PP1, suggesting that maintenance of Parkin at mitochondria does not require PINK1 activity.
We then performed a similar experiment in which we inhibited PINK1
AS activity after CCCP treatment, which is known to trigger clustering of mitochondria [1] . As expected, CCCP treatment for 6 h led to clustering of mitochondria (Supplementary information, Figure S1J and S1K, RFP channel). When CCCP was added together with 1-NA-PP1, the effect of CCCP was abrogated. When we added CCCP 1 h prior to the incubation with 1-NA-PP1, CCCP-induced mitochondrial clustering was not reversed by 1-NA-PP1. These results strongly suggest that PINK1 can initiate Parkin translocation to the mitochondria, but is dispensable for the persistent presence of Parkin on damaged mitochondria. This could be a result of a feed-forward loop triggered by PINK1, as is the case of ubiquitin phosphorylation or autocatalytic ubiquitination of Parkin, creating a bistable system (Supplementary information, Figure S1L ) [6, [10] [11] [12] [13] .
The PINK1-Parkin pathway has also been implicated in modulating mitochondrial fission/fusion dynamics by inducing ubiquitination of Drp1 or Mitofusins [1, 14, 15] . Indeed, in MEF cells expressing hPINK1
AS , mitochondria are predominantly fragmented (Supplementary information, Figure S1M ). Upon treatment with 1-NA-PP1, many MEF cells showed gradual increase in mitochondrial fusion frequency with mitochondria in over 30% of MEF cells displaying more tubular morphology after 8 h. This is consistent with the notion that PINK1 inhibition facilitates mitochondrial fusion.
In summary, we have successfully engineered an analog-sensitive PINK1 kinase that can be specifically inhibited by orthogonal small molecules. The pharmacological tool described here should aid future research on the role of PINK1-Parkin pathway in areas including but not limited to the regulation of mitochondrial protection, mitophagy, mitochondrial mobility, mitochondrial fission/fusion, cellular metabolism, and apoptosis. Despite a strong association between mitochondrial dysfunction and the PINK1-Parkin pathway in Parkinson's disease, it remains unclear how endogenous PINK1 and Parkin contribute to mitophagy or mitochondrial dysfunction in neurons [2] . Conceivably, the PINK1 AS allele can be introduced into iPS or ES cells via knockin techniques to produce animals with a PINK1 that can be pharmacologically perturbed to evaluate both short-and long-term effects of inhibiting this pathway on neurodegenerative and perhaps other diseases.
